The W2 domain is a conserved domain found firstly at the C-terminus of several translation initiation factors, but its roles are unknown. Here we identified three W2 genes in rice (Oryza sativa L.) which were located to the nucleus. The expression profiles of the three genes in response to phytohormones and abiotic stresses were also analyzed. OsW2-1 expression was mainly affected by two classes of phytohormones, including abscisic acid and cytokinin, and some abiotic stresses such as dark, drought and hypersaline, while both OsW2-2 and OsW2-3 expression levels were down-regulated by 2,4-dichloro-phenoxyacetic acid treatment. Besides, OsW2-2 under chilling stress, and OsW2-3 under 3-indolebutyric acid, kinetin and salt treatments, also showed slight transcription reduction. Our results first suggest that the three W2 genes function in phytohormone signaling pathways, and OsW2-1 also interrelated with the resistance to abiotic stresses in rice. It implies that the homologs of translation initiation factors in nuclei have different functions from those in the cytoplasm in eukaryotic cells.
Introduction
During translation initiation in eukaryotes, eukaryotic initiation factors (eIFs) are essential for the initiator tRNA-methionine complex (Met-tRNAi) loading into the small ribosomal subunit and then their binding to the 5' end of an mRNA molecule. eIFs 1, 1A, and 3 promote dissociation of 80S ribosomes and, along with eIF5 and ternary complex (eIF2-GTP-Met-tRNA), form the 43S preinitiation complex (PIC) (Sonenberg & Hinnebusch 2009) . eIF2 is comprised of α, β, and γ subunits. The γ subunit binds GTP, while α and β subunits are responsible for the binding of Met-tRNA (Flynn et al. 1993; Dorris et al. 1995; Erickson & Hannig 1996) . The β subunit also interacts with eIF5 after the binding of the ternary complex to the 40S subunit (Chaudhuri et al. 1994; Das et al. 1997; Asano et al. 1999) .
W2 is a conserved domain present at the Cterminus of several translation initiation factors, eIF4, eIF5 and eIF2, and other proteins. The W2 superfamily exists in almost all eukaryotic organisms, from yeast to human. However, only a very few members have been well studied till now. eIF-5, an eukaryotic initiation factor from Zea mays, containing a zinc-finger structure, binds RNA in a zinc-dependent manner (Lopez Ribera et al. 1997) , while the W2 domain of it has not been studied. BZW1 or BZAP45, a W2 protein in Homo sapiens containing a leucine-zipper, was found to be a conserved regulatory factor for transcriptional control of histone H4 gene at the G1/S transition (Mitra et al. 2001 ), but not eIFs. However, the roles of the W2 domain within BZW1 involved in the transcriptional regulation have not been characterized.
For the purpose of exploring the basic functions of the W2 domain, in this study we identified three W2 genes in rice named OsW2-1, OsW2-2 and OsW2-3, respectively, which contained W2 domains most similar to those present in eIF5 and eIF-2B. First, we defined their subcellular localization and organ-specific expression patterns. In order to get further insights into the regulation of OsW2 family, we also examined their expression profiles in two-week-old seedlings in response to diverse phytohormones, including auxin, gibberellin (GA 3 ), cytokinin, abscisic acid(ABA) and ethylene, and some abiotic stresses, such as heat, chilling, darkness, drought and hypersaline. The results revealed that all the three OsW2 proteins were nuclear homologs of eIFs and may function in the phytohormone signal transduction.
Material and methods
Identification and sequence analysis of the W2 superfamily We used the amino acid sequence of BZW1 W2 domain for BLAST searches in the NCBI database (http://blast.ncbi. nlm.nih.gov/Blast.cgi) to identify putative W2 family genes in Oryza sativa L., Drosophila melanogaster, Caenorhabditis elegans, Candida albicans, Homo sapiens, Sorghum bicolor, Zea mays and Arabidopsis thaliana. All predicted W2 genes were used for similarity searches again to confirm these predicted genes and detect new candidates. All the domains of the putative W2 proteins were detected by the 'Conserved domains' search program (Marchler-Bauer et al. 2009 ) in the NCBI database under a default E-value level (0.01).
Phylogenetic analysis was performed with the MEGA 4.0 program (Tamura et al. 2007 ) by the neighbor-joining method. Bootstrap analysis was carried out with 1000 replicates based on the complete amino acid sequences.
Subcellular localization of the rice W2 proteins was predicted in silico using the programs WoLF PSORT (Horton et al. 2007 ) (http://www.genscript.com/psort/wolf psort.html) and ProtComp8.0 (http://linux1.softberry.com/ berry.phtml).
Subcellular localization
The ORF of the Os11g0414000 cDNA was amplified using the primer pair, W2-1sal (5'-atcgttgtcgacatgagctcgaaggaga ag-3') and W2-1nco (5'-tagcaccatggcttcctcctcctcggcct-3'). After digestion with SalI and NcoI (underlined in the primer sequences), the fragment was cloned in frame with the enhanced green fluorescent protein (EGFP) coding sequence (Cormack et al. 1996) under the control of the CaMV 35S promoter in a pUC18-based vector. The construct was transiently transformed into onion epidermal cells (Scott et al. 1999 ) on agar plates by a helium-driven accelerator (PDS/1000; Bio-Rad). Bombardment parameters were as follows: 1100 p.s.i. bombardment pressure, 1.0 mm gold particles, a distance of 9 cm from macrocarrier to the samples, and a decompression vacuum of 88,000 Pa. After culture for 24 h, the bombarded epidermal cells were treated with 4',6-diamidine-2-phenylindole dihydrochloride (DAPI), a DNA-specific dye (Invitrogen). Fluorescence in the cells was viewed using an inverted fluorescence microscope system (IX70; Olympus) with 488 nm laser light for fluorescence excitation of GFP and UV laser light for excitation of DAPI.
Plant materials and phytohormone and stress treatments
Two-week-old seedlings of ajaponica rice cultivar Zhong-hua11 (ZH11) were used for all experiments. The seeds were germinated at 30 • C and grown in liquid Murashige-Skoog (MS) media at 28 • C with 14 h (light) /10 h (dark) photoperiod. Roots of the seedlings were submerged to liquid MS media containing various hormones or mock solution for 24 h as follows: kinetin (KT) (3.7 µM), 6-benzyl aminopurine (6-BA) (13.3 µM), paclobutrazol (Pac) (1.5 µM), 1-naphthlcetic acid (NAA) (2.7 µM), 2,4-dichlorophenoxyacetic acid (2,4-D) (10 µM), 3-indolebutyric acid (IBA) (2.5 µM), ABA (100 µM), salicylic acid (SA) (1 mM), ethrel (5 mM), and GA3 (50 µM). The abiotic stress treatments were as follows: 42 • C for 2 h and recovery at 28 • C for 24 h for heat treatment; 4 • C for 12 h for chilling treatment, dark treatment for 24 h (at 28 • C); 23% PEG6000 solution for 12 h for drought treatment (at 28 • C) (Guo et al. 2006) ; 150 mM NaCl for 12 h for hypersaline treatment (at 28 • C) (He et al. 2002) . Seedling leaves were frozen in liquid nitrogen for RNA preparation.
Expression analysis of the rice W2 genes For semiquantitative RT-PCR, total RNA was isolated using TRIzol reagent (Invitrogen). First-strand cDNAs were synthesized from DNaseI-treated total RNA using Superscript II reverse transcriptase (Invitrogen) and oligonucleotide dT as primers for reverse transcription, according to the instruction. The specificity of all the used primers was confirmed by a BLAST search in the NCBI database. The primer sequences were as follows: OsW2-1(Os11g0414000), 5'-gagctcgaaggagaag-3' and 5'-tattcctcctcctcggcct-3'; OsW2-2(Os02g0812400), 5'-atgag gcctcacacaaggag-3' and 5'-cctcagattcagaatccgc-3'; OsW2-3(Os09g0326900), 5'-ctccctcagccttcaaatg-3' and 5'-ctccagca cagtctgcatg-3'; OsAct1, 5'-ccagactcgtcgtactcagc-3' and 5'ccagatcatgtttgagacc-3'. One µL of the 20 µL RT product was used as the template. OsAct1 was used as an internal control for each PCR reaction. The number of PCR cycles were 30∼35 for each gene and 28 for OsAct1. The expression levels of the genes were tested in three independent experiments.
Results
The W2-domain-containing proteins and phylogenetic analysis We selected eight organisms, including O. sativa, D. melanogaster, C. elegans, C. albicans, H. sapiens, S. bicolor, Z. mays and A. thaliana, to search the proteins containing the W2 domain. In addition to the W2 domain, many of the identified W2 members also have some accessory domains conserved in eIF-5 and eIF-2B (Fig. 1) . The full-length amino acid sequences of all these W2 proteins were combined to build an unrooted phylogenetic tree with the MEGA 4.0 program (Tamura et al. 2007 ). The tree revealed that the W2 proteins can be mainly divided into two groups (Fig. 1) . Group I, the proteins which largely have no accessory domains were mostly hypothesized to include cytosolic isoforms, except H. sapiens BZW1 (NP 055485). Group II, the proteins bearing the accessory domains were mostly putative nuclear proteins, except AT2g34970 and D. melanogaster W2-1. These accessory motifs are probably associated with catalytic activities of the W2 proteins. The existence of many conserved motifs in eIFs and putative nuclear localization sequences (NLS) in the group II proteins may symbolize their identities as nuclear eIF homologs that occur during the evolution, which differs from the classical cytoplasmic location of eIFs. In this study, we focused on three rice W2 proteins, OsW2-1 (Os11g0414000), OsW2-2 (Os02g0812400) and OsW2-3 (Os09g0326900). They are annotated in NCBI as putative eIF-5C, eIF-2B ε subunit, and eIF-5, respectively. 
Nuclear localization of Os11g0414000
With the WoLF PSORT program (Horton et al. 2007) and the ProtComp program, the subcellular localization predictions of the two proteins -OsW2-2 and OsW2-3 -indicated they are nuclear proteins, but that of OsW2-1 showed ambivalence (Fig. 1) . To determine its subcellular localization, OsW2-1 ORF sequence was fused with EGFP driven by the CaMV 35S promoter. Transient expression of this construct in onion epidermal cells transformed by gene gun bombardments indicated that OsW2-1 was targeted to nuclei (Fig. 2) .
Expression analysis of the rice W2 family genes
In order to obtain the expression patterns of the three genes, we performed semiquantitative RT-PCR analyses in five tissues, including roots, stems, leaves, young panicles and mature panicles (Fig. 3) . The results showed that all these genes were constitutively expressed in all of the tested tissues, but their transcript abundance exhibited some differences. OsW2-1 were more abundant in leaves than in the other four tissues; OsW2-2 was expressed at higher level in the reproductive tissues (young panicle and mature panicle) than in the vegetative tissues (leaves, stems and roots); and OsW2-3 revealed no significant tissue preference except the low expression in leaves.
Expression of the OsW2 genes in response to phytohormones and abiotic stresses
To explore the biological functions of rice W2 proteins, we investigated the effects of exogenous phytohormones on the expression of the three OsW2 genes in twoweek-old seedling leaves by semiquantitative RT-PCR (Fig. 4) . The seedlings were subjected to liquid MS media containing various hormones or mock solution and treated for 24 h. The expression levels responding to different phytohormone treatments varied according to genes. Of the three genes, OsW2-1 showed the transcript reduction after the ABA, KT, 6-BA, GA3 and Pac treatments, but the transcript accumulation after the ethrel treatment, while both OsW2-2 and OsW2-3 exhibited the transcript reduction after the 2,4-D treatment. OsW2-3 expression was also slightly downregulated by the IBA and KT treatments.
Responses to phytohormones and abiotic stresses are interrelated in plants. In view of that, the expression profiles of the three OsW2 genes were also analyzed in two-week-old seedling leaves under some abiotic stresses, including heat, chilling, darkness, drought and hypersaline, by semiquantitative RT-PCR (Fig. 4 ). All the seedlings tested grown in liquid MS media and treated for 12 h except for the heat treatment for 2 h and the dark treatment for 24 h. Of these Fig. 3 . Tissue-specific expression patterns of the three W2 genes detected by RT-PCR. The rice actin gene (OsAct1) was used as an internal control. Fig. 4 . Expression analysis of the three W2 genes detected by RT-PCR under phytohormone treatments and abiotic stresses. The rice actin gene (OsAct1) was used as an internal control. CK, mock-treatments; PAC, paclobutrazol. three genes, OsW2-1 was the gene whose transcript abundance appeared significantly down-regulated under darkness, drought and hypersaline, while OsW2-2 and OsW2-3 revealed slight transcription reduction under chilling and hypersaline, respectively.
Discussion
W2 is a conserved domain found first at the C-terminus of several translation initiation factors, which suggests that the W2 proteins may have some functions similar to those of the eIFs. Eukaryotic initiation factors are traditionally well-known for their cytoplasmic location and critical roles in the initiation of protein synthesis. However, more recent studies have indicated that up to 68% of cellular eIF4E is localized in the nucleus (Iborra et al. 2001) where it participates in nuclear export of specific mRNAs (Mazan-Mamczarz et al. 2003; Culjkovic et al. 2007 ) for gene expression control and even possible nuclear translation (Strudwick & Borden 2002) . Some well-defined W2 proteins also exhibit the ability for transcriptional regulation. The H sapiens basic leucine zipper and W2 domains 1 (BZW1 or BZAP45) is a conserved regulatory factor in transcriptional activation of histone H4 gene at the G1/S phase transition (Mitra et al. 2001) for promoting cell growth (Li et al. 2009 ). The W2 domain is a nucleotide-binding fold with unknown functions (Mitra et al. 2001) . However, energy input through nucleoside triphosphate hydrolysis, such as SWI/SNF-dependent chromatin remodeling and covalent modifications of nucleosomal proteins (Peterson & Logie 2000; Spencer & Davie 1999) is required in many processes involving transcription factors and, moreover, nuclear import and correct protein folding of transcription factors are energy-dependent processes (Mitra et al. 2001 ). Therefore, the nucleotide-binding fold may be a molecular adaptation for transport and nucleoside triphosphate hydrolysis to support a function in transcriptional activation (Mitra et al. 2001 ). Our study focused on the three OsW2 genes also revealed their nuclear location and potential capacity for gene expression control, on the basis of their responses to phytohormones. We thus postulate that the W2-containing proteins may perceive the phytohormone signal to regulate biological activities via the interaction with SWI/SNF chromatin remodelers and/or chromatin modifiers, therefore, being integrated into signaling networks.
The expression analysis in response to phytohormones and abiotic stresses suggested that the three OsW2 genes may be involved in cross-talk of multiple signaling pathways affected by some abiotic stresses. ABA is an essential mediator in plant responses to most of the common abiotic stresses, including drought, salinity, extreme temperatures and oxidative stress (Finkelstein et al. 2002; Xiong et al. 2002) . Of the three genes, OsW2-1 was down-regulated by ABA, darkness, hypersaline and drought; however, both OsW2-2 and OsW2-3 were not significantly affected by ABA, in spite of their responses to chilling and hypersaline, respectively. A drought tolerance gene reported recently, OsS-DIR1, which was up-regulated by drought and salt, but not by ABA, also revealed similar responses (Gao et al. 2011) . Interestingly, OsSDIR1 was also confirmed to be involved in ABA signaling (Gao et al. 2011) . The roles of the three OsW2 genes in signal transduction triggered by some abiotic stresses should be verified in our following research.
The phylogenetic analysis indicated that some of the W2 proteins bear accessory domains. The accessory motifs may be critical to their biological functions and suggested the functional differentiation in the W2 superfamily. The three OsW2 genes possess accessory domains different from each other. Thus from the differences in domain architectures and expression profiles, our study hinted that the three genes may have differ-ent functions in responses to abiotic stresses.
In summary, we have for the first time identified three W2 members in rice and found them phytohormone-responsively expressed. The latter is the most appealing result of our study. The expression characterization in response to phytohormones and abiotic stresses may provide us with some hints on further study of the functional significance of the W2 proteins.
